Abstract. On August 4, 1980 Hurricane Allen damaged the northern fringing reef located just offshore from the Bellairs Research Institute of McGill University on the west coast of Barbados. During the summer and one winter month of 1981 a resurvey of the reef was done and the results were compared with a similar survey made in 1974. On a reefal scale the changes in the proportion of substrates before and after Hurricane Allen were statistically significant for all substrates and species with the exception ofMillepora spp. Among the corals, Poritesporites has been most affected by the catastrophe: its coverage was reduced by 96%. The other corals (Siderastrea sidera, Porites astreoides, Montastrea annularis, and Agaricia agaricites) were reduced by 75 to 25%. Onshore transport is suggested by the high abundance of Acropora cervicornis (20%) and Madracis mirabilis (30%) in the rubble on the fringing reef (the former only grows seaward of the reef). Offshore transport is suggested by the relatively poor representation of Porites porites (32%) in the rubble. Shannon-Weaver diversity indices of the corals dropped from 1.61 to 1.26. The changes in diversity are best explained by the intermediate disturbance hypothesis.
Introduction
The "eye" of Hurricane Allen passed just north of the island of Barbados, West Indies, at 0000 Greenwich Mean Time on August 4th, 1980. Minimum surface pressures were approximately 950 mb near the centre of the storm. Although wind measuring instruments failed during the storm at the Caribbean Meteorological Institute on the west coast of the island, the pressure allows an estimate to be made of the winds near the eyewall as 100 kt (115 miles/h). Rainfall at the Meteorological Institute was measured during the storm at 10.6 cm and winds at the airport on the south coast were measured at 68 kt. This major storm had a profound effect on the fringing reefs along the west, or leeward, coast of the island. This study was made on a representative reef, the north lobe of the Bellairs fringing reef, offshore from the Bellairs Research Institute of McGill University (Fig. 1) . The effects of the storm on this reef could be described quantitatively (Mah 1984) , because it had been surveyed for carbonate budget studies in 1974 (Steam et al. 1977) , therefore the distribution and proportions of the various substrates on the reef before the hurricane were known. In this study we compare the results of a resurvey of the reef in 1981 after the hurricane, with the original survey, and consider the application of our results to the development of reefs in general. The majority of Caribbean hurricanes do not cross Barbados but follow a path north of the island. In the first two centuries of historical records (1651-1850) 11 hurricanes passed near the island and 3 were devastating (Skeete, in Bird et al. 1979 ). Prior to Hurricane Allen the only hurricanes that affected the island in the last century were in 1895 , 1955 and 1979 (David) 9 The hurricane of 1979 passed far to the north of the island near Dominica. Winds at Barbados were about half as strong as those of Hurricane Allen and little change was noted in the fringing reefs after the storm passed.
Belloirs reef
Recent studies of the effects of hurricanes on reefs include those of Blumenstock (1958) , Blumenstock et al. (1961) , Stoddart (1962 Stoddart ( , 1969 Stoddart ( , 1971 Stoddart ( , 1974 , Hayes (1967) , Ball et al. (1967) , Perkins and Enos (1968) , Maragos et al. (1973) , Baines and McLean (1976) , Randall and Eldredge (1977) , and Ogg and Koslow (1978) . Only studies of Rogers et al. (1982 Rogers et al. ( , 1983 and Woodley et al. (1981) present quantitative data. The effects of Hurricane Allen on Jamaican reefs have recently been discussed by Woodley et al. (1981) and Graus et al. (1984) .
Unfortunately, neither of the writers was present at the Bellairs Institute during the hurricane and no measurements of wave height were made by the staff. That the force of the waves may have been less than that of the hurricanes documented as affecting reefs in the literature is indicated by the failure of the waves to form a hurricane rampart along the coast. 
The Bellairs reef
Many of the fringing reefs along the west coast of Barbados grow in relatively calm water, seaward from headlands. These low energy fringing reefs are highly vulnerable to intermittent storm damage. One such reef, the north lobe of the Bellairs reef, grows on a gently sloping shelf that extends from the shoreline into water of approximately 10 m depth at a distance of about 300 m from the beach (Fig. 2) . Beyond the reef the sea floor gradually deepens and is interrupted by a series of irregular depressions up to 34 m deep that appear to be drowned sinkholes. Seaward of these depressions the sea floor rises into a bank which is covered with coral at a depth of about 15 m. Beyond the bank the sea floor descends steeply to depths greater than 60 m where a deep bank interrupts the slope to oceanic depths (Macintyre 1967) .
The Bellairs fringing reefs have been described and zoned by Lewis (1960) and Stearn et al. (1977) . The terms used in the latter study are repeated here and the description of the zones as they existed on the northern fringing reef before Hurricane Allen is summarized below (Fig. 2) 9 The swash zone extends 20 to 30 m from the shoreline on the north lobe. Its depth at low tide is 0 to 1 m. Since the waves commonly break in this zone, the substrate is composed primarily of mobile sand and dead coral rock. 9 Porites porites was the dominant coral in the spur and groove zone. Most of the corals of the zone of coalesced spurs are also found in this zone. The spurs at depths of 2 or 3 m are separated by sinuous, irregular sand channels deepening seaward to 6 to 7 m.
In addition to these zones Steam et al. (1977) also described the Porites porites zone which was found only on the southern lobe of the Bellairs fringing reef in depths of 2to3m. 
Methods
During the summer of 1981 and from mid-December to mid-January of 1981-82 a resurvey of the Bellairs reef was made to duplicate as closely as possible the survey of Stearn et al. (1977) made in 1974. The work was carried out with the use of SCUBA. The location of the 6 line transects of the 1974 survey (Fig. 3 ) was made through a close examination of an air photograph of the reef on which they were plotted, by reference to the reef topography, and by compass bearings. The 3 longest transects pass across the reef from the beach seaward. The other 3 each pass perpendicularly through one of the other 3 and are roughly parallel to the shore.
A rope marked at one-meter intervals was stretched along the contour of the reef. Nails, painted bright orange for greater visibility, were hammered into the reef at points corresponding to meter marks on the rope. A half-meter rod marked in 10 cm intervals was placed along the rope line at each nail. The substrate type at each 10 cm mark was then recorded for the first half of each meter: that is, five determinations were made for each meter interval.
Samples of rubble were collected randomly from depressions on the reef adjacent to the transect line. The samples were sorted into their constituents, counted and weighed. Colonies of Montastrea annularis were collected, bleached, slabbed and X-rayed to reveal the growth bands as described by Knutson et al. (1972) .
Results
Coral cover. For purposes of statistical analysis, the reef was divided into 6 equal-area ellipses (Stearn et al. 1977) as indicated in Fig. 3 . Although we were supplied with the point count data from the 1974 survey, the exact location of the boundaries of the ellipses was not indicated on the transect logs. However, we could approximate the boundaries of the ellipses on the resurveyed transects. The accuracy with which length and therefore the positions of the transects of the second survey duplicated those of the first is shown by the small difference in total counts: 2167 pre-hurricane and 2174 posthurricane.
The pre-and post-hurricane substrate counts are illustrated in Fig. 4 . The significance of each change was tested using the X 2 test and a level of significance of 0.05. At this level when the reef as a whole is considered all the changes in substrate are significant with the exception of 171 those for Montastrea cavernosa and Millepora spp. The hydrozoan Millepora has a high rate of survival because the morphologies of the species growing on the reef are wave-adapted. Millepora squarrosa's box-like structure is highly wave-resistant and Millepora complanata's bladed colonies tend to orient themselves to withstand high energy waves (Stearn and Riding 1973) . The low domal form of Montastrea cavernosa is apparently wave-resistant. Only 5 counts of this coral were recorded in each survey.
Transect V was surveyed twice in this study, first in the summer of 1981 and again in the summer of 1982. The counts are very similar and the differences are not statistically significant except for the coralline algae. The increase from 1981 to 1982 may have been due to the difficulty in distinguishing coral rock from algally coated substrate, or to the overgrowth of the coral substrate by algae in the interval. Operator error was tested by asking an assistant to repeat sections of a transect and the differences between operators was found not to be significant.
The proportional coverage of the corals is determined by dividing the total number of points counted for that coral by the total number of all coral points. Porites porites was most affected by the hurricane; its coverage was reduced by 96%. The other coral species common on the reef, Siderastrea siderea, Porites astreoides, Montastrea annularis, and Agarieia agaricites, were all reduced in coverage by values ranging from 75% to 25% (Table 1) . Although P.porites was the most common coral on the reef before the hurricane, it was only 5th in abundance after the storm (Table 2) . Overall the branched corals decreased in abundance while boulder or encrusting corals remained unchanged or increased their proportion of the coral community.
The changes in living and non-living substrate types are highly significant on a reefal scale but less significant when examined ellipse by ellipse (Table 3) . Ellipse 4 included the part of the reef most affected by the hurricane and 9 of the 13 substrate types showed significant change in this zone. Observations of the reef during the storm (T. Tomascik, personal communication) showed that the waves were breaking near this zone rather than at their normal breaking point nearer shore. Substrates in ellipse I changed little as this zone is constantly exposed to breaking waves.
Non-living substrates. The coverage of non-living substrates (rock, rubble, and sand) was greater in the resurvey than in 1974. Sand and rock more than doubled in coverage: sand increased from 221 to 461 counts and rock increased from 301 to 627 counts. Rubble increased from 188 to 230 counts. These gains were at the expense of the living components of the reef. Dead coral was classified as rock or rubble. If the dead coral was a loose piece, it was counted as rubble; if it was a dead part of a live colony, it was counted as rock. The increase in the coverage of rock was therefore owing to the death of corals and scouring of the reef surface exposing more dead coral of the reef framework. Increase in sand coverage may have been due to deposition of sand in low areas during or following the storm. Some of the sand may have been produced by the abrasion of coral fragments during the hurricane; some, by increased activity of bioeroders on the rubble produced by the storm. Folk and Robles (1964) traced the disintegration of corals into sticks, boulders and fine sand. Bioerosion by urchins and parrotfish have both been shown to produce sand-sized particles on the Bellairs reef (Hunter 1977, Frydl and Stearn 1978) .
Rubble. The composition of the 30 rubble samples is listed in Table 4 . Some of the specimens appeared to be relatively fresh with the corallites of the coral fragments unaltered and easy to identify while other specimens were highly bored or encrusted and therefore difficult to identify. The percentage of each constituent in the rubble was expressed in two ways: 1. according to its proportion of the total number of pieces of rubble (count percentage), and 2. according to its percentage of the weight (weight percentage). Only 3 corals were present in significant quantities in the rubble: Porites porites, Aeropora cervieornis, and Madraeis mirabilis. The mean percentages of all the other identified components together represent 9.5 % of the count percentage and 8.3 % of the weight percentage. The 3 coral species that make up most of the rubble share a similar branching shape. Differences in size of typical fragments and density of the coral skele- may have broken down into sand but much must have been transported off the reef by seaward currents and deposited in the seaward deeper water rubble zone.
Growth bands. Thirty-one colonies of Montastrea annularis were collected from the reef in 1981 and 1982 to determine whether Hurricane Allen had affected the growth pattern of the coral. Despite the fact that irregularities in secretion patterns could be found in the X-rays of axial slabs of many colonies, no consistently occurring band could be identified as caused by Hurricane Allen.
Changes in coral diversity
Shannon-Weaver and Simpson indexes. These indexes were used to compare the coral diversity before and after the hurricane. A t-test was used to test the significance of changes in the Shannon-Weaver index (Hutcheson 1970) . Although the Shannon-Weaver index mixes richness and evenness, it is widely used to quantify diversity and was calculated for comparison with the values quoted from other Caribbean reefs. Pre-hurricane Shannon-Weaver diversity based on percentage living coverage was 1.61. The same measure of diversity after the hurricane was 1.26. The values of the Shannon-Weaver and Simpson indexes for the various ellipses are given in Table 6 . The sharpest decline was in ellipse 4 where the storm waves broke. Although the changes in diversity in ellipses 3 to 6 were significant, the same 8 species of coral were present before and after the hurricane. However the hurricane caused a total loss of 70% of the coral coverage -from 713 counts before to 211 counts afterward.
The pre-hurricane diversity of the Bellairs reef was low compared to diversities of the bank reef of Barbados or of Pacific reefs where values range from 2 to 3 (Ott 1975 , Dana 1979 , Pichon and Morrissey 1981 . However, its diversity was comparable to other Caribbean and Atlantic reefs. In Bermuda diversity values for 3 shallow reefs surveyed by methods similar to those used here are 1.55, 1.71 and 1.04 (Dodge et al. 1982) . Rogers et al. (1983) reported diversity values on 4 reefs after Hurricane David in the US Virgin Islands went from 1.52 to 1.63, from 1.55 to 1.39, from 1.87 to 1.77 and from 1.79 to 1.81. The effect of the hurricane on these reefs was inconsistent because the storm did not preferentially destroy the dominant species as Hurricane Allen did in Barbados. On the study reef, coral species evenness (J), was only slightly higher following Hurricane Allen (Table 7) .
Disturbance hypotheses. Highly diverse tropical ecosystems have long been considered to be inherently stable but the non-equilibrium hypothesis postulates that the species composition of such communities is seldom in a state of equilibrium and high diversity is only maintained when species composition is changed by disturbances. The changes in diversity in Barbados can be understood in terms of the intermediate disturbance hypothesis (Connell 1978) and the compensatory mortality hypothesis (Sousa 1984) . We postulate that communities dominated by Poritesporites, similar to the pre-hurricane Bellairs reef coral community, are typical of a late successional stage and the present community, dominated by Agaricia agarieites, is representative of a pioneering stage. "The compensatory mortality hypothesis refers to the situation in which the potential late successional dominant suffers disproportionately high rates of disturbance-related mortality as compared to other species that it might otherwise exclude..." (Sousa 1984, p. 377) . In Hurricane Allen a disproportionate number of colonies of Porites porites was killed making space for recolonization by a variety of corals. The intermediate disturbance hypothesis postulates, in addition, that diversity is maintained at the highest level when disturbances that change species composition are intermediate in terms of both frequency and intensity. On a coral reef, following a catastrophic disturbance such as a severe hurricane, coral larvae will begin to colonize the newly modified substrate. Diversity will be low at first, as only the species that are releasing larvae and are within dispersal range will be able to colonize. In time, diversity will increase as more species have the opportunity to colonize the substrate. If another disturbance does not occur, diversity will gradually decrease "... as one or a few competitively dominant and/or long lived species come to monopolize the resources of the disturbed patch" (Sousa 1984, p. 376) . Highest diversity levels are maintained where disturbances are intermediate in intensity and frequency without the community being reset to a low diversity "pioneer stage" by a major disturbance (Huston 1979) . The intermediate disturbance hypothesis has been applied to coral reefs by Grigg and Maragos (1974) , Dollar (1982) and Loya (1976) . Rosen (1981) is critical of the hypothesis on the basis that many high diversity reefs lie outside the zone of typhoons in the Pacific or at depths not greatly affected by their waves.
Before Hurricane Allen the Bellairs reef was of relatively high diversity between the pioneer stage and the stage of dominance by a late successional species (P.porites). This level of diversity was comparable with other Caribbean fringing reefs (Dodge et al. 1982 , Rogers et al. 1983 . The passage of the hurricane reset the successional process back to a pioneer stage of low coral diversity. If the reef is undisturbed, diversity should increase and then decline according to Connell's hypothesis (1978) .
Recolonization
Recovery of coral reefs after disturbances may be by asexual regeneration or sexual reproduction. Regeneration involves the regrowth of partially damaged colonies or growth of new colonies from fragments.
Recolonization of Porites porites and Agaricia agaricites is beginning the recovery of the northern Bellairs reef. In the resurvey done one year after Hurricane Allen, A. agaricites was the dominant coral (43 % of the corals counted). Its newly dominant position among the corals may partly be accounted for by the fact that its loss during the hurricane was least of the corals (25%). Some of the A. agaricites colonies must have been destroyed by the hurricane but others may have been broken along lines of decay into several fragments (Lewis 1974) which gave rise to new colonies after the storm. Many of the colonies measured in the summer of 1982 were small (mean length 4.01 cm, mean width 2.95 cm, N = 3 7 ) . This coral has a diameter growth rate of 2.45 cm per year in Curagao (Bak 1976) . The dimensions of these randomly measured colonies indicates that many of them began to grow after the hurricane.
Porites porites now covers only 4% of the area it covered before the hurricane. Photographs taken in the P.porites zone of the southern Bellairs reef in 1974 and 1981 show the extent of the destruction that occurred also on the northern lobe of the reef (Fig. 5) . Most of the colonies of this coral now growing on the study reef have grown since the hurricane. One hundred and seventythree branches of 33 colonies were measured in the summer of 1982 and the mean length was found to be 4.9 cm (SD 0.7 cm). Since P.porites grows at a rate of 3.6 cm per year in Barbados (Lewis et al. 1968) , most of the branches are less than 2 years old and must have grown since the hurricane.
Conclusions
Hurricane Allen caused major changes in the Bellairs fringing reef. The branching corals and particularly Porites porites, were devastated while all coral species were greatly reduced in their coverage on the reef. Small colonies of Agaricia agaricites are now the dominant corals on the reef but recolonization by P.porites is occurring. The diversity of the coral community was significantly reduced by the storm.
